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1.  Introduction 


Blake  et  al.  (1997)  used  orbit  integrated  HEO  dose  data  to  infer  that  the  combination  of  a  high-speed 
solar  wind  stream  (HSS)  in  conjunction  with  a  southward  turning  of  the  interplanetary  magnetic  field 
(IMF)  was  key  to  enhancement  in  the  radiation  belt  fluxes.  They  used  isolated  HSS  events  in  their 
study  to  simplify  the  relationships.  They  showed  that  a  northward  IMF  turning  negated  the  HSS  and 
that  losses  can  occur  without  subsequent  flux  enhancements.  Recent  work  by  Knekal  et  al.  (2001; 
1999)  has  shown  that  low-altitude  polar  orbiting  satellites  such  as  SAMPEX  can  readily  track  the 
rsponses  of  the  electron  radiation  to  magnetic  storms  in  the  inner  magnetosphere  and  that  the  high- 
altitude  and  low-altitude  fluxes  track  each  other  closely.  Kanekal  et  al.  (2001)  used  Polar,  HEO,  and 
SAMPEX  satellite  data  to  show  that  the  fluxes  measured  at  high  and  low  altitudes  tracked  well  most 
of  the  time.  They  used  superposed  epoch  analyses  to  show  that  the  delays  between  flux  changes  at 
Polar  and  SAMPEX  were  consistent  with  zero  lag.  The  daily  HEO  dose  at  two  energies  (>1.5  and  3.5 
MeV)  and  fluxes  from  the  SAMPEX  2-6  MeV  channel  were  integrated  over  the  2.5  <  L  <  6.5  for 
comparison.  While  that  comparison  showed  a  strong  similarity  in  time  history  at  both  HEO  and 
SAMPEX,  the  different  instrument  energy  responses  did  not  allow  for  as  detailed  an  intercomparison 
as  was  done  for  the  Polar  and  SAMPEX  data.  Thus,  no  previous  analyses  have  compared  high-  and 
low-altitude  fluxes  using  the  same  set  of  instrumentation.  That  is  one  of  the  main  features  of  this 
report. 
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2.  Instrumentation  and  Data 


This  study  uses  data  taken  by  a  high  Earth  orbiting,  HEO,  satellite  in  a  ~1.15  x  7.2  RE  orbit  inclined  at 
~63°  with  a  ~12-h  period.  The  satellite  is  designated  HEO  1997-086  (or  HE03).  HE03  covers  a 
wide  range  of  L  values  at  both  mid  to  high  altitudes  and  at  low  altitude.  The  perigee  of  HE03  varied 
between  1.18  and  1.33  Re  geocentric  (see  Figure  4)  during  the  1998-2002  period. 

The  data  were  obtained  using  five  integral  energy  sensors  that  measured  electrons  with  energies 
>0.23,  >0.45,  >0.6,  >1.5,  and  >2.9  MeV.  The  four  highest  energy  sensors  make  omnidirectional  flux 
measurements.  The  >0.23  MeV  electron  data  are  from  a  proton-electron  telescope  with  a  ~15°  coni¬ 
cal  field  of  view  (Blake  et  al.  1997).  For  much  of  this  study,  we  emphasize  the  results  from  the  >1.5 
MeV  electrons  because  most  of  the  recent  results  in  the  literature  concerning  electron  acceleration 
and  transport  in  the  inner  magnetosphere  have  emphasized  MeV  electrons. 

We  focus  on  electron  data  taken  during  the  1998-2002  period  for  this  report.  This  includes  most  of 
the  stormtime  events  that  were  highlighted  during  the  Physics  and  Modeling  of  the  Inner  Magneto¬ 
sphere  conference  held  in  Helsinki,  FI.  We  examine  the  energetic  electron  storm  responses  from  two 
perspectives:  (1)  the  tracking  of  high-  and  low-altitude  electron  fluxes  using  the  same  instrumenta¬ 
tion;  and  (2)  the  post-storm  decay  of  the  fluxes  at  L  =  3,  inside  the  nominal  plasmasphere. 
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3.  Observations 


First,  we  examine  the  flux  variability  taken  at  high  altitudes  (>2.5  Re  geocentric)  for  several  L  values. 
The  top  panels  in  Figure  1  show  the  daily  average  >1.5  MeV  electron  flux  history  during  the  April 
1998  through  March  1999  period  at  L  =  2.5-4.  The  bottom  panel  shows  a  line  plot  of  the  estimated 
minimum  daily  plasmapause  position  [O'Brien  and  Moldwin,  2003].  Superimposed  on  the  line  plot 
are  colored  bars  indicating  where  electron  precipitation  microbursts  [Lorentzen  et  al.,  2001a  and 
2001b;  O'Brien  et  al.,  2003]  were  observed  at  L  <  4  (red  bars)  and  L  >  4  (blue  bars). 

The  data  in  Figure  1  are  plotted  as  line  plots  instead  of  in  L  versus  time  spectrogram  form  so  that  dif¬ 
ferences  from  one  L  value  to  the  next  clearly  stand  out.  Figure  1  shows  that  the  electron  fluxes  are 
most  variable  at  large  L  values  with  sharp  sudden  flux  drops  for  short  intervals  of  time.  This  vari¬ 
ability  is  even  greater  for  L  >  4  (not  shown).  The  sharp  flux  drops  correspond  with  periods  of  mag¬ 
netic  activity,  in  many  cases  storm  related. 

At  the  lowest  L  values,  one  observes  sudden  electron  flux  enhancements  followed  by  decay.  At  L  = 
2.5,  the  flux  enhancements  rise  out  of  the  instrument  background  and  are  observed  only  for  the  storms 
labeled  by  the  months  in  which  they  occurred.  At  L  =  4,  there  is  a  series  of  flux  enhancements,  most 
of  which  are  preceded  by  sharp  flux  drops  as  noted  above.  At  the  bottom  of  the  panels  for  each  L,  we 
have  indicated  the  occurrence  of  precipitation  microbursts,  observed  by  SAMPEX,  as  red  marks.  The 
thickness  of  the  red  marks  represents  the  duration  of  microburst  occurrence  for  L  ^  4.  There  is  a 
strong  association  of  the  flux  dropouts  and  subsequent  rapid  increases  with  the  appearance  of  the 
microbursts.  All  microbursts  caused  a  flux  decrease,  but  not  all  such  decreases  were  followed  by  flux 
enhancements.  It  is  clear  that  combining  such  data  from  SAMPEX,  at  low  altitude,  with  the  HEO 
data,  at  high  altitude,  highlights  features  of  the  electron  acceleration  and  loss  processes  that  cannot  be 
garnered  from  either  dataset  in  isolation.  These  and  other  microburst  associations  are  discussed,  in 
detail,  in  a  paper  by  O'Brien  et  al.  [2003]  and  will  not  be  expanded  upon  here. 

Only  the  strongest  storms  caused  flux  enhancements  in  the  electron  slot  region  (2  <  L  <  3).  Storms 
that  caused  slot  region  fillings  are  also  associated  with  strong  erosion  of  the  plasmasphere,  as  shown 
at  the  bottom  of  Figure  1.  Each  time  Dst  was  <-150  (not  shown)  and  the  plasmapause  was  estimated 
to  be  below  L  =  3,  the  electron  fluxes  in  the  slot  showed  an  increase.  This  indicates  that  erosion  of 
the  plasmapause  to  low  L  is  one  process  that  occurs  simultaneously  with  electrons  being  transported 
to  or  accelerated  at  equally  low  L.  It  is  not  clear  from  the  observations  in  Figure  1  whether  the  ero¬ 
sion  of  the  plasmapause  is  a  necessary  condition  for  all  low-L  electron  flux  enhancements.  Shock 
acceleration  of  the  type  that  occurred  during  the  famous  March  1991  event  [Li  et  al.,  1993;  Blake  et 
al.,  1992]  may  occur  without  plasmapause  erosion.  However,  the  relationship  between  plasmapause 
erosion  and  low-L  electron  enhancements  needs  to  be  examined  in  detail.  The  IMAGE  FUV  meas¬ 
urements  combined  with  HEO  and  SAMPEX  data  could  be  used  to  perform  such  a  study. 
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3.1  High/Low- Altitude  Flux  Comparisons 

This  preliminary  study  takes  advantage  of  the  fact  that  the  same  sensors  measure  electron  fluxes  at 
both  high  and  low  altitudes  at  the  same  L  values  because  of  the  highly  elliptical  orbit  of  HE03.  This 
allows  us  to  compare  the  electron  fluxes  at  different  altitudes  without  worrying  about  whether  the 
sensor  responses  are  the  same. 

To  show  the  relationship  between  the  high-altitude  and  low-altitude  electron  fluxes,  we  first  look  to 
Figure  2  where  the  time  history  of  low  (red)  and  high  (black)  altitude  Ee  >  1.5  MeV  electron  intensi¬ 
ties  at  L  =  3  are  shown  for  the  1998-2002  period.  This  plot  shows  that  the  electron  fluxes  varied  over 
several  orders  of  magnitude  at  both  high  and  low  altitudes  and  that  the  fluxes  at  the  two  altitudes 
appear  to  track  very  well. 

This  tracking  of  the  high-  and  low-altitude  fluxes  is  further  demonstrated  in  Figure  3,  which  shows 
the  ratio  of  the  low-altitude  to  high-altitude  fluxes  for  multiple  L  values.  Several  features  are  evident 
in  Figure  3.  The  most  striking  feature  occurs  at  the  highest  L  values  where  an  annual  variation  is 
observed  in  the  ratio.  The  annual  variation  results  from  the  fact  that  we  used  the  IGRF  field  model 
for  this  initial  study,  and  it  does  not  contain  the  day-night  asymmetries  of  the  real  field  that  are  most 
prominent  at  large  L,  high  latitudes,  and  large  distances  from  Earth.  The  HE03  database  we  are 
using  already  has  all  the  data  in  B-L  coordinates  based  on  the  IGRF  and  was  considered  sufficient  for 
this  initial  low/high-altitude  comparison.  More  complicated  field  models  could  be  used  in  the  future, 
if  warranted.  However,  no  field  model  does  a  good  job  of  representing  the  real  field  asymmetries  at 
HEO  altitudes  and  latitudes,  especially  during  magnetic  storms.  The  best  of  the  models  are  compute 
intensive  and  not  easily  applicable  to  large  datasets  like  the  HEO  datasets.  We  have  tried  the  Olson- 
Pfitzer  [Olson,  et  al.,  1979],  T87  and  T96  [Tsyganenko,  1995;  1996  and  refs,  therein]  models  for 
limited  periods  and  found  that  these  models  often  predicted  that  HE03  was  on  open  field  lines  when 
the  data  clearly  indicated  it  was  not  and  vice  versa,  especially  during  disturbed  periods. 

In  any  case,  the  peaks  in  the  ratio  at  large  L  at  the  same  season  from  year  to  year  indicates  the  con¬ 
stancy  of  the  low/high-altitude  flux  ratio.  Figure  3  shows  that  at  L  £  4.5,  the  flux  ratios  are  relatively 
constant  independent  of  the  variation  in  flux  levels  seen  in  Figures  1  and  2.  The  smallest  L  values 
show  a  general  rise  in  the  flux  ratio  from  1998  to  2001  and  a  decline  after  that.  This  variation 
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Year 

Figure  3.  Ratio  of  four  years  of  low  to  high  altitude  Ee>1.5  MeV  electron 
fluxes  from  HEO  97-068  for  several  different  L  values. 

resulted  from  the  changing  perigee  altitude  of  HE03  with  time,  as  shown  in  Figure  4.  This  change  in 
the  altitude  of  the  low-altitude  flux  measurement  has  a  greater  effect  at  small  L  values  than  large  ones 
because  the  resultant  ratio  Blow/Bhigh  changes  most  dramatically  for  the  smallest  L’s. 

The  other  major  feature  observed  in  Figure  3  are  sharp,  short-duration  decreases  in  the  ratios.  These 
decreases  mostly  occur  at  the  time  of  large  flux  increases.  They  are  consistent  with  the  high-altitude 
fluxes  increasing  faster  than  those  at  low  altitudes  at  the  same  L.  Figure  5  shows  an  expanded  exam¬ 
ple  of  one  of  these  downward  ratio  spikes  from  the  flux  increase  that  occurred  in  conjunction  with  a 
magnetic  storm  on  22  Sept  1999.  The  plot  shows  that  the  short-term  decrease  in  the  ratio  was  associ¬ 
ated  with  the  difference  in  the  rate  of  flux  increase  (here  at  L  =  3)  at  low  and  high  altitudes.  The  ratio 
returned  to  its  nominal  pre-storm  value  as  the  fluxes  reached  their  maximum  values  and  started  to 
decay. 

Figure  6  shows  that  the  low/high-altitude  flux  ratios  at  L  =  4  are  relatively  constant  for  electrons  with 
energies  from  >0.23  to  >2.9  MeV.  This  is  also  true  for  other  L  values  (not  shown).  Figure  6  indi¬ 
cates  that  the  processes  that  maintain  these  low/high-altitude  electron  flux  ratios  are  not  strongly 
energy  dependent  at  least  over  the  energy  range  measured. 
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Geocentric  Perigee, 


>1.5  MeV  High  &  Low  Altitude  Flux 


Table  1  shows  the  statistics  for  the  distributions  of  >1 .5  MeV  flux  ratios  at  six  different  L  values. 

The  statistics  were  obtained  from  the  data  shown  in  Figure  3.  The  plots  of  the  distributions  (not 
shown)  had  relatively  narrow  peaks  and  the  majority  were  symmetric  about  the  mean.  This  is  evi¬ 
denced  by  the  fact  that  the  mean  and  median  values  are  nearly  the  same.  As  the  table  shows,  the 
mean  of  the  low/high-altitude  flux  ratios  were  in  the  range  of  0.09  to  0.16  for  L  =  3-5.5,  with  the  ratio 
decreasing  with  increasing  L.  Thus,  the  high-altitude  fluxes  were  roughly  a  factor  of  6  to  1 1  higher 
than  those  at  low  altitude. 

Figures  1-3  along  with  Table  1  emphasize  the  fact  that,  independent  of  the  absolute  flux  levels,  the 
magnetospheric  processes  that  redistribute  electrons  radially  and  along  the  field  lines  do  so  efficiently 
and  globally  except  for  short  intervals  during  the  episodic  rapid  flux  increases  associated  with  mag¬ 
netic  storms  (as  shown  in  Figure  5). 


Table  1 .  Statistics  for  Ratios  of  Low/High-  Altitude  Fluxes 


L 

No.  Points 

Mean 

Median 

Std.  Dev. 

3.0 

1555 

0.159 

0.162 

0.053 

3.5 

1559 

0.140 

0.143 

0.043 

4.0 

1559 

0.120 

0.121 

0.040 

4.5 

1502 

0.100 

0.099 

0.041 

5.0 

1507 

0.091 

0.085 

0.049 

5.5 

1494 

0.096 

0.082 

0.069 

3.2  Electron  Decays  at  L  =  3 

At  the  lower  L  values,  where  flux  dropouts  are  rare,  the  losses  are  thought  to  be  controlled  by  cou¬ 
lomb  losses  (dE/dx  losses)  and  pitch  angle  scattering  of  the  electrons  by  interactions  with  the  plas- 
maspheric  Hiss.  As  Figure  1  shows,  the  plasmasphere  boundary  rarely  reached  L  =  3  and  then  only 
during  storm  main  and  early  recovery  phases.  Thus,  we  expect  the  loss  rates  at  L  s  3  to  be  consistent. 
With  this  in  mind,  we  examined  the  electron  decay  rates  at  L  =  3  to  see  how  they  may  relate  to  the 
near  constancy  of  the  low/high-altitude  flux  ratios  noted  above.  Figure  7  sets  the  stage  for  this  part  of 
the  study.  It  shows  the  flux  rise  and  subsequent  decay  following  the  May  1998  magnetic  storm.  This 
storm  had  a  minimum  DST  of -205  nT.  Figure  7  also  shows  where  SAMPEX  observed  precipitation 
microbursts.  The  microbursts  were  intense  and  occurred  primarily  just  before  and  during  the  post 
storm  flux  increases  at  all  energies. 

An  exponential  fit  to  the  flux  decay  was  made  for  each  energy  shown  in  Figure  7.  The  Ee  >0.6  and 
>1 .5  MeV  data  could  not  be  fit  with  a  single  e-folding  value  over  the  full  period  shown  so  the  period 
beyond  day  40  (9  June  1998)  was  fit  separately.  This  change  in  the  decay  rate  late  in  the  decay  period 
is  a  common  feature  in  the  HE03  data. 

Figure  7  is  an  example  of  the  way  L  =  3  electron  decay  data  was  gathered  for  the  >1 .5  MeV  electron 
fluxes  for  events  that  occurred  between  1  January  1998  and  1  July  2001.  Twenty  clear  electron  flux 
enhancements  occurred  at  L  =  3  during  this  period,  as  shown  in  Figure  8.  The  intervals  from  a  few 
days  after  the  flux  peaked  to  the  next  enhancement  were  piecewise  fit  to  represent  the  decay  history. 
In  Figure  8,  the  early  part  of  the  decay  is  flagged  in  blue,  and  the  later  part  in  red  and/or  green  where 
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30  Apr  98 


DAYS 


19  Jul  98 


Figure  7.  Electron  flux  decay  at  three  energies  following  the  May  1998 
magnetic  storm.  The  bottom  panel  shows  where  SAMPEX 
observed  precipitation  microbursts. 
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a  single  fit  could  not  represent  the  decay.  There  were  intervals  where  magnetic  activity  caused  sud¬ 
den  drops  in  the  electron  flux.  These  were  usually  followed  by  a  continuation  of  the  decay  with  1/e 
times  somewhat  longer  than  the  early  decays.  These  are  flagged  in  red  or  green  and  treated  as  late 
decay  intervals. 

The  e-folding  decay  times  derived  from  Figure  8  are  plotted  in  histogram  form  in  Figure  9.  The  set  of 
e-folding  times  clustered  around  three  distinct  periods:  5,  10.5  and  17.5  days.  The  error  bars  are 
based  on  a  multi-variant  error  analysis  [Evans  et  al.,  2000].  The  mean  1/e  decay  time  for  all  intervals 
was  ~14  days.  The  enhanced  electron  fluxes  caused  by  the  large  storms  in  May,  Sept,  Oct,  and  Nov. 
1998  had  early  1/e  decay  periods  of  9.5-10.5  days,  which  is  very  similar  to  the  results  obtained  with 
SAMPEX  by  Baker  et  al.  [1994]  and  consistent  with  past  theoretical  modeling  [Lyons  and  Thorne, 
1973].  The  shortest  early  1/e  decay  periods  of  ~5  days  occurred  following  the  flux  enhancements  in 
2000  and  2001.  All  the  secondary  or  late  decay  intervals  had  decay  periods  longer  than  the  early 
decays  and  were  more  variable.  These  contributed  to  the  broad  peak  near  17.5  days  in  Figure  9. 

>  1 .5  MeV  Electron  Decay  Rates  at  L  =  3 


1/e  Decay  Time,  days 

Figure  9.  Histogram  of  e-folding  decay  times,  in  days, 
for  the  data  in  Figure  8. 
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4.  Discussion 


The  low/high-altitude  flux  ratio  results  obtained  using  the  HE03  data  complement  and  reinforce  the 
results  obtained  by  Kanekal  et  al  [1999,  2001]  using  SAMPEX  and  Polar  data.  The  fact  that  the 
HE03  ratios  were  obtained  with  a  single  set  of  instrumentation  removes  all  doubt  that  the  close 
tracking  of  the  fluxes  at  low  and  high  altitudes  are  real.  With  the  HE03  data,  we  have  shown  that  the 
fluxes  at  the  different  altitudes  are  related  by  a  nearly  constant  multiplier  independent  of  energy  and  L 
over  a  significant  range  of  L  values.  This  means  that  low-altitude  satellites  could  be  used  to  monitor 
the  electron  radiation  belt  fluxes  at  high  altitudes,  even  near  the  equator,  with  a  reasonable  degree  of 
accuracy.  One  only  needs  to  determine  the  scaling  factors  (i.e.,  flux  ratios)  between  the  flux  meas¬ 
ured  at  the  magnetic  equator  and  at  a  low-altitude  platform.  Then  the  observations  obtained  by  a  low- 
altitude  platform,  with  its  high  repeat  rate  for  traversals  through  a  wide  range  of  L  values,  could  be 
used  to  represent  the  time-dependent  state  of  the  radiation  belts.  We  would  suggest  that  such  a  plat¬ 
form  be  somewhat  higher  than  SAMPEX,  which  spends  significant  time  in  both  the  drift  and  bounce 
loss  regions.  However,  it  need  not  be  much  higher.  One  to  two  thousand  kilometer  altitude  circular 
polar  would  be  a  reasonable  orbit. 

These  results  show  that  the  processes  transporting  relativistic  electrons  from  near  the  equator  to  low 
altitudes  do  so  in  a  manner  that  keeps  the  low/high-altitude  flux  ratios  constant  on  time  scales  of  the 
order  of  one  to  a  few  days,  even  during  periods  of  extreme  flux  changes.  What  we  cannot  tell  from 
the  current  study  is  how  these  processes  work  to  maintain  the  flux  ratios.  Part  of  the  answer  lies  in 
the  flux  decays.  The  decay  times  indicate  that  combined  transport  and  loss  process  along  the  field 
lines  matches  expectations  for  wave-particle  interaction  models  of  the  type  discussed  by  Lyons  and 
Thome  [1973]  and  Abel  and  Thome  [1998],  The  processes  are  primarily  ones  of  pitch  angle  trans¬ 
port,  coulomb  drag  (energy  transport),  and  atmospheric  losses  in  competition  with  radial  transport. 
Inside  the  plasmasphere,  we  expected  the  decay  rates  to  be  relatively  constant.  The  difference 
between  the  initial  decay  rates  in  1998-1999  and  those  in  2000-2001  may  be  caused  by  different  lev¬ 
els  of  average  magnetic  activity  and  Hiss  production  for  those  periods.  This  will  be  examined  in  a 
later  report. 

Determining  exactly  how  these  processes  combine  to  maintain  the  flux  ratios  will  be  a  great  challenge 
and  will  require  a  set  of  well  designed  missions  that  make  the  appropriate  measurements  over  a  range 
of  equatorial  L  values,  at  least  L  =  2-6,  simultaneous  with  measurements  of  electron  precipitation  at 
ionospheric  altitudes.  Hopefully,  those  missions  are  the  NASA  LWS  Geospace  Storms  Investigations 
[Kintner  et  al.,  2002] 
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